We study the hadron properties at finite temperature from measurement of the screening masses, using two-flavor full QCD of the hybrid Monte Carlo (HMC) algorithm with the renormalization group improved Iwasaki gauge action and the clover improved Wilson quark action on a 16 3 × 4 lattice. We explore rather heavy quark mass regions. Disconnected quark diagram is dropped. We observe the tendency that the screening masses in all the channels degenerate, which is in accord with the effective restoration of U A (1) symmetry, and then eventually approach 2πT , i.e. the free quark value. In the low temperature region below pseudocritical temperature T c , the screening masses in all the channels decrease. We discuss the different features between these calculations and the previous ones.
Introduction
Hadrons are elementary excitations on top of the nonperturbative QCD (Quantum Chromodynamics) vacuum where (colored) free quarks and gluons do not exist in the asymptotic states. The properties are called color confinement. Furthermore, the QCD vacuum is characterized by the dynamical breaking of (approximate) chiral symmetry (DBCS) and U A (1) anomaly. The DBCS manifests itself as the appearance of the nearly massless pseudoscalar mesons with the peculiar coupling properties. On the other hand, the axial anomaly is, for instance, responsible for the large mass of η ′ (958) compared with the other low-lying eight pseudoscalar mesons and the small mixing angle with η(550) in the flavor SU(3) f basis. Moreover the axial anomaly can account for the large mass difference of the pion and the a 0 . A unique feature of the QCD vacuum is that it should undergo a phase transition to chiralsymmetric phase at high temperature (T ) and/or high baryon chemical potential. The axial anomaly may also be effectively restored in such an extreme condition [1] . Thus we can expect that hadrons on top of the new ground state or thermal equilibrium state may change their properties along with that of the QCD vacuum [2] [3] [4] [5] ; in turn, (colorless) hadronic excitations with a small width may exist in the low-energy region even in the quark-gluon plasma (QGP) phase as the soft modes of the chiral transition [2, 3] and the hydrodynamic modes [6] .
The restoration of chiral symmetry should lead to degeneracy of the hadron spectral functions in the channels of the chiral partners: in the chiral SU(2) L ×SU(2) R symmetry, the chiral partner of the pion is the sigma meson (isoscalar-scalar) while that of the isovector-vector meson ρ is the isovector-axial vector meson a 1 . On the other hand, the pion and a 0 mesons are the partner in terms of U A (1) symmetry. Conversely speaking, the rate of the degeneracy of the spectral functions in the channels of the chiral partners can be used as a measure of the symmetry restoration.
The first calculation of the chiral partners in the scalar channels based on a chiral effective model [2] [3] [4] [5] showed that the sigma meson becomes soft and tends to get degenerate with the pion near the pseudocritical temperature T c of the chiral phase transition. QCD sum-rule calculations [7] showed that the masses of the ρ and its chiral partner a 1 both decrease at finite T , although their possible degeneracy toward the critical temperature is obscure depending on the calculation method.
In the present work, we explore the hadron properties at finite temperature using the lattice simulations of QCD. We study the screening masses [8, 9] obtained from the current-current correlations in the spatial direction. Indeed, some authors [10] [11] [12] performed lattice-QCD simulations of the static screening masses at finite temperature including the critical (crossover) temperature and tried to extract the strength of the U A (1) anomaly in the chiral limit as well as the behavior of the screening masses of the chiral partners in the scalar and vector channels: in Ref. [11] where the highly improved staggered quark (HISQ) action is used as in Ref. [10] , it is shown that the screening masses of the positive parity mesons decrease whereas those of the negative parity mesons monotonically increase with temperature and thereby tend to get degenerate; they eventually approach 2πT above the critical temperature. This behavior is consistent with the chiral degeneracy and shows a possible scenario of the way how the chiral symmetry is restored in the vector and axial-vector channels. It is, however, to be noted that this scenario is quite different from that suggested in [7] ; see also a recent analysis at finite density [13] . It is conceivable that the hadronic modes are modified by usual thermal effects as described by the hadron resonance gas model [14] ; the intrinsic QCD dynamics becomes an essential ingredient for determining the properties of the hadronic modes just around the critical point. Thus it should be helpful for identifying the underlying mechanism of spectral changes of hadronic modes to explore the thermal behavior of the screening masses at finite T using different quark actions with various quark masses.
We dare to make simulations of the screening masses using rather heavy quark masses. In this way, the number of thermally excited hadrons are suppressed, and consequently, they would hardly contribute to the thermodynamics of the system. We expect that such a simulation of the extreme set up far away from the chiral limit may provide us with the basic ingredients to realize the spectral changes of hadrons obtained in more complete lattice simulations.
We find that below T c , not only positive-parity screening masses but negative-parity screening masses also decrease in contrast to the findings given by the simulations respecting chiral symmetry [11, 12] . As for the effective restoration of U A (1) symmetry, for which the intrinsic dynamics of QCD is responsible, our simulation shows that it manifests itself as a drop of the positive-parity screening masses and an increase of the corresponding negative-parity screening masses above T c and degenerate at very high temperature in accord with the previous simulations with different quark actions [11, 12] .
The paper is organized as follows: in Sec. 2, we explain simulation parameters of our two-flavor full lattice QCD calculation. In Sec. 3, we show calculated results of screening masses of scalar, pseudoscalar, vector and axial-vector channels as a function of the gauge coupling β and the ratio of temperature to the pseudocritical temperature T/T c . We also discuss quark mass dependence of them. Section 4 is devoted to summary and discussion.
Lattice simulations
We generate the gauge configurations in two-flavor full QCD using the hybrid Monte Carlo (HMC) algorithm with the renormalization group improved Iwasaki gauge action and the clover improved Wilson quark action on a 16 3 × 4 lattice. Here we investigate hadron properties at finite temperature with relatively heavy quark masses, hoping to identify the basic ingredients for realizing the temperature dependence of screening masses, using different gauge and fermion actions in lattice QCD.
The pseudo-critical temperature T c in the present work is determined from the peak position of the susceptibility of the Polyakov loop, which is supposed to describe the confinement-deconfinement transition modified by the presence of quarks even if their masses are heavy. We use the same combinations of the gauge couplings β and hopping parameters κ as those in Ref. [15] in which they also evaluate the corresponding temperature. The coefficient c S W in the clover improved Wilson quark action is given by c S W = (1 − 0.8412β [15] . The simulation parameters are listed in Table 1 .
In the case of m ps /m v = 0.75 values of ratio T/T c do not contain errors, because we read off values of κ and β along the m ps /m v = 0.75 line from Fig. 1 in Ref. [15] . We update the first 1500 trajectories in the quenched QCD and switch to a simulation with the dynamical fermion. We discard the next 2000 trajectories of HMC and start to save the gauge configurations every ten trajectories. Table 1 Simulation parameters for m ps /m v = 0.65, 0.75 and 0.80 [15] . We produce 1000 gauge configurations for each parameter. Assuming that mesons are composed of two quarks, we employ simple point-like sources and sinks for the construction of meson operators,
where q(x) is the Dirac operator for the u/d quark and Γ αβ 's stand for I, γ 5 , γ µ and γ µ γ 5 for the scalar, the pseudoscalar, the vector and the axial-vector channels. The indices c and α are the color and Dirac-spinor indices, respectively. Here we measure spatial correlation functions of mesons in the z direction. The spatial correlation function of the scalar channel is composed of connected and disconnected diagrams. In order to calculate the disconnected diagram, we employ the Z 2 noise method and subtract the vacuum expectation value of them [16] .
Calculated results
In Fig. 1 we show screening masses of the pseudoscalar, the scalar, the vector and the axial-vector channels as a function of the gauge coupling β and T/T c . The statistical errors are estimated by the jackknife method with the bin size of 10. We extract the screening masses from exponential damping of the spatial correlation functions in 3 < z < 15. In the scalar channel, we obtain the connected part of the spatial correlation with small errors; however, we confront severe noise in the calculation of the disconnected part even on the 1000 gauge configurations. Therefore, in this paper, we evaluate the screening masses of the scalar channel by using only the connected part. In the two-flavor QCD the connected part of the scalar channel can be regarded as the a 0 meson. In the low temperature Fig. 1 The screening masses as a function of the gauge coupling β (left) and the ratio of temperature to the pseudocritical temperature T/T c (right), in the case of m ps /m v = 0.80. The red solid circles, the blue solid triangles, the black solid stars and the green solid squares denote the pseudoscalar (PS), the vector (V), the connected part of the scalar (SC), the axial-vector (AV) channels, respectively.
region below the pseudocritical temperature (T/T c < 1.0), the screening masses in all the channels decrease with the gauge coupling β or the ratio T/T c , except for the positive-parity hadrons at quite low temperature region. In particular, the screening masses of the scalar meson are heavier than 4/8 those of the vector meson and almost the same as the ones of the axial-vector meson. This result is consistent with the fact that the a 0 meson mass is heavier than the ρ meson mass. If we could include the disconnected diagram as well as the connected diagram in evaluation of screening masses in the scalar channel, we would obtain lower screening masses which are almost the same as those in the vector channel [16] . It is noteworthy that a simulation at almost physical quark mass on the gauge configurations generated in the (2+1)-flavor QCD with the HISQ action [10, 11] shows an increase of the screening masses in the negative parity channels, i.e. the pseudoscalar and vector channels along with increasing temperature in the low temperature region. Since the hadron resonances are not expected to contribute to the dynamics in our simulation with heavy quarks, the decrease might be mainly attributed to mutual interactions of hadron resonances but not to the possible change of the QCD vacuum. Around the pseudocritical temperature T c , the screening masses of negative parity mesons take a minimum value and above it they turn to increase with temperature. On the other hand, the screening masses of positive parity mesons, the scalar and axial-vector channels keep decreasing with temperature. Then around β = 1.95 (T/T c = 1.20), the screening masses of negative parity mesons and positive parity mesons approach each other and degenerate at β = 2.3 (T/T c = 2.5), i.e. much the same behavior as those found in Refs. [10, 11] . The degeneracy of the screening masses between the vector and the axial-vector channels suggests that the chiral symmetry is realized in this high temperature region although the symmetry is badly broken with heavy quark mass in the present simulation. As for the scalar and pseudoscalar channels, it is noteworthy that the degeneracy in the scalar and pseudoscalar channels is realized in spite of lack of the disconnected diagram in the scalar channel. Again this behavior implies that the chiral symmetry gets realized in the high temperature region in spite of the large current quark mass. Furthermore, the U A (1) anomaly is a key issue to understand relations between the pseudoscalar and scalar channels at finite temperature. In fact, in Ref. [12] they tried to extract the strength of the U A (1) anomaly from the mass gap of screening masses between the pseudoscalar and scalar channels in the chiral limit. However, because our current calculation is performed with relatively heavy quark, small lattice size and neglecting the disconnected diagram in the scalar channel we do not go further in the discussion on it.
At the highest temperature β = 2.4 (T/T c = 3.0) we find that the screening masses in all the channels tend to get degenerate and approach 2πT .
In Fig. 2 we show the screening masses of the pseudoscalar, the vector, the scalar from the con- mass becomes smaller. We can see weaker trend to degeneracy between the pseudoscalar and the connected part of the scalar channels at m ps /m v = 0.80, but it also disappears at lighter quark masses. At T/T c = 1.35 the difference of screening masses between the pseudoscalar and the vector channels is larger than that at T/T c = 1.69. To obtain a rough idea of the value of screening mass of each channel at the physical quark mass, we draw the linear line which is obtained by fitting screening masses at m ps /m v = 0.65, 0.75 and 0.80. The thick solid line represents the value of the physical quark mass. Because our quark masses are far from the physical value, the extrapolation should not be taken to be serious. However, it suggests that the clear degeneracy observed in our calculation might be a behavior specific to heavy quarks.
Summary and discussion
We have explored the hadron properties at finite temperature using two-flavor full QCD of the hybrid Monte Carlo (HMC) algorithm with the renormalization group improved Iwasaki gauge action and the clover improved Wilson quark action on a 16 3 × 4 lattice. In spite of the limited calculations with heavy quark mass, m ps /m v = 0.80, we have observed that at T/T c = 2.5 the clear degeneracy between the screening masses of the negative parity mesons and the positive parity mesons. At the highest temperature β = 2.4 (T/T c = 3.0) we find the tendency that the screening masses in all the channels degenerate in accord with the effective restoration of U A (1) symmetry, and then eventually approach 2πT , namely, the free-quark value.
In the low temperature region below pseudocritical temperature T c , the screening masses in all the channels decrease along with temperature, which is a different behavior from that found in the previous calculation obtained at almost physical quark mass on the gauge configurations generated in the (2+1)-flavor QCD with the HISQ action [10, 11] . Our finding of the behavior of the screening masses may be a characteristic feature in the heavy quark sector because hadron gas resonance dynamics would not play any significant role in contrast to the simulations respecting chiral symmetry [10, 11] . Furthermore, we make a comment on a fermion lattice action. Here we utilized the clover improved Wilson quark action in which the chiral symmetry is explicitly broken. To elucidate physics related with the chiral symmetry, chiral fermion actions such as domain wall fermions and overlap fermions would be more suitable.
We have also investigated the quark mass dependence of behavior of the screening masses at finite temperature. The degeneracy which we find at high temperature above T c between screening masses of the negative parity mesons and the positive parity mesons is resolved at lighter quark masses. To reach a conclusive result, we need to check the detailed behavior of screening masses of each channel such as lattice size and quark mass dependence of them.
